Abstract Orbital correlation of space objects is one of the most important elements in space object identification. Using the orbital elements, we provide correlation criteria to determine if objects are coplanar, co-orbital or the same. We analyze the prediction error of the correlation parameters for different orbital types and propose an orbital correlation method for space objects. The method is validated using two line elements and multisatellite launching data. The experimental results show that the proposed method is effective, especially for space objects in near-circular orbits.
INTRODUCTION
After a space object has been detected, it is important to determine whether it has already been cataloged or it is a newly discovered object (Sharma et al. 2002 (Sharma et al. , 2001 Sharma 2000; Stokes et al. 1998) . Usually this is performed using the object's orbit or other characteristic data such as radar cross-sections or images (Sharma et al. 2002; Sharma 2000; Stokes et al. 1998; Fujimoto & Scheeres 2010) . Because the orbital characteristics of a space object are more distinct than its other characteristics, the first step in space object identification often uses the orbital information. Orbital correlation of objects is often based on properties of the orbital element information or the observation data (Fujimoto & Scheeres 2010; Milani et al. 2005; Früh & Schildknecht 2012) . Recently, Milani and Gronchi proposed a primary correlation method of arcs (Milani et al. 2004) , and Milani and Tommei developed and tested two different algorithms to solve the correlation problem for objects in geostationary (GEO) orbits (Milani et al. 2011 ). Milani and his colleagues' work concerning orbital correlation is based on orbital observation data. Compared to orbital observation data, the orbital elements can be applied to orbital correlation more quickly, especially for a cluster of space objects. Therefore, orbital elements are used preferentially when an orbit has been successfully determined. This paper focuses on orbital correlation based on orbital elements. If there are errors in the parameters used for orbital determination from the observational data (especially for sparse observational data), then the orbital correlation result of the two objects will not be exact (Hoots et al. 2004; Flohrer et al. 2008; Hirose et al. 2010; Vallado et al. 2009 ). The confidence level is a good measure to judge the orbital correlation results. Therefore, defining a confidence level is a key step in the orbital correlation of space objects.
In this paper, a set of novel correlation criteria is designed according to the physical characteristics of each orbital element to judge whether two space objects are coplanar, co-orbital, or in fact the same. We analyze the error of the correlation parameter for different orbital types and propose a new method to compute the confidence level of these correlation results. Finally, we validate the proposed method using two line elements (TLEs) and multisatellite launching data. This paper is organized as follows. We study the orbital correlation criteria and the choice of correlation parameters in Section 2. The prediction errors of the correlation parameters are analyzed, and an orbital correlation method is proposed in Section 3. Lastly, we implement several experiments to validate the effectiveness of the method in Section 4.
ORBITAL CORRELATION CRITERIA AND THE CHOICE OF CORRELATION PARAMETERS
Orbital correlation is a highly demanding exercise in space object identification, and its main goal is to determine whether two arbitrary tracks are those of the same object. There are a great many space objects, and orbital correlation is complicated (Anz-Meador 2015; Rossi 2005) ; therefore, in this paper, we chose to study three orbital correlation cases for two space objects. Specifically, the three cases we study are when two space objects are coplanar, co-orbital or the same.
Choice of Parameters for Orbital Correlation
A space object travels in an orbital plane, and its orbit at any time can be uniquely determined by six different ele-ments. Two types of orbital elements are used extensively: the position and velocity vectors and the Keplerian elements (Roy 2005; Schutz et al. 2004; Milani & Gronchi 2010; Rossi 2006) . The Keplerian elements have specific geometric meanings and are usually computed using NORAD TLEs. Therefore, we use them as parameters for the orbital correlation.
Orbital Correlation Criteria
Of the six Keplerian elements, the semimajor axis a and the eccentricity e define the shape and size of the orbital ellipse, the inclination i and the longitude of the ascending node Ω define the orientation of the orbital plane, the argument of periapsis ω defines the orientation of the ellipse in the orbital plane, and the mean anomaly M at an epoch defines the momentary position of the space object in the orbital plane (Roy 2005; Schutz et al. 2004; Milani & Gronchi 2010) . Because the element ω approaches zero degrees for a near-circular orbit, we use five parameters: a, e, i, Ω and λ (λ = M + ω) as the orbit correlation parameters. According to the definitions of the six Keplerian elements, we set the following criteria: Equations (1), (2) and (3) are the orbital correlation criteria to judge if two space objects are coplanar, co-orbital or the same, respectively. In Equations (1), (2) and (3), ∆a (∆e, ∆i, ∆Ω, ∆λ) denote the difference in the values between the two space orbits for the parameters a (e, i, Ω, λ), where
and ( L i > 0) are the five given threshold values.
The criterion for judging coplanar objects is given by
The criterion for judging co-orbital objects is given by
The criterion for judging the same objects is given by
Units of the Correlation Parameters
The parameters used for orbital correlation are not all exact. Therefore, the orbital correlation result between two space objects is uncertain, and we used confidence levels to determine whether two space objects are coplanar, co-orbital or the same. The Keplerian elements are measured in the International System (SI) units, and their orders of magnitude are listed in Table 1 . Table 1 shows that the orders of magnitude range from 10 −1 to 10 6 . To use these five elements with the same order of magnitude, they are normalized before computing the confidence levels. Specifically, we define [L]=L /6 378 140 as the normalized length and use radians for the angular elements a, i, Ω and λ, where L is the length in meters and 6 378 140 m is the usual value used for the equatorial radius (Flohrer et al. 2008; Zeng 1992) . 
THE PROPOSED METHOD FOR ORBITAL CORRELATION
In this section, we will first give an error analysis of the correlation parameters, and then propose an orbital correlation method.
Error Analysis of the Correlation Parameters
We use the TLEs for the orbits of four different space objects to obtain an error analysis for the orbit propagation over 14 days. The orbital elements of the four objects are shown in Table 2 . The orbits of the first three objects are nearly circular with different heights, and the fourth is in a low elliptical orbit. To help analyze the errors of the five correlation parameters for the different orbital types, Figure 1 illustrates the position errors and the errors in the radial direction, transverse direction and normal direction for the objects after 14 days of orbital propagation. The position errors after 14 days for the first three objects were approximately 10, 20 and 50 km, respectively, and the errors were primarily distributed in the transverse direction. The position error after 14 days of orbital propagation for the fourth object in an elliptical orbit was approximately 30 km. For the three near-circular orbital objects, we find that the lower orbital heights are related to larger orbital propagation errors (Fig. 1 ). This conclusion is consistent with Flohrer et al. (2008) ; Hirose et al. (2010) ; Legendre et al. (2006) . The correlation parameter errors, with normalized units after 14 days of orbital propagation, for four objects are listed in Table 3 and illustrated in Figures 2-5. We find that the correlation parameter errors of the three near-circular orbits have the same order of magnitude. Compared to the cases with near-circular orbits, the errors in a and e for the elliptical orbit are relatively large.
The Proposed Method for Computing the Confidence Level
For each type of orbit, the statistical mean values for the propagation errors in the five correlation parameters (a, e, i, Ω and λ ) are c 1 , c 2 , c 3 , c 4 and c 5 , respectively. We denote ∆a, ∆e, ∆i, ∆Ω and ∆λ to be the actual prediction errors of a, e, i, Ω and λ for one object respectively. C P , C O and C S denote the confidence levels for determining whether two space objects are coplanar, co-orbital or the same, respectively. The corresponding three confidence levels are computed using the following equations:
where 0 < w i < 1 (i = 1, 2, 3, · · · , 11) are eleven correction factors that satisfy the conditions that w 1 + w 2 , w 3 + w 4 + w 5 + w 6 and w 7 + w 8 + w 9 + w 10 + w 11 are close to 1. Except for these constraining conditions, the values of the correction factors should be related as follows: C P > C O > C S is valid. When ∆a, ∆e, ∆i, ∆Ω and ∆λ are close to zero, 1 / ∆a , 1 / ∆e , 1 / ∆i , 1 / ∆Ω and 1 / ∆λ can be set to 1. Since
are five statistical values, C P , C O and C S may be larger than 1. If C P , C O or C S is larger than 1, its value is set to 99%.
EXPERIMENTS AND ANALYSIS OF RESULTS
In this section, we conduct several experiments using TLEs and multisatellite launching data to validate the effectiveness of the proposed orbital correlation method and to analyze the results.
Experiments Using TLEs
We conducted six experiments using TLEs. In the experiments, we considered five space objects: three traveled in near-circular orbits with orbital heights of 400, 600 and 800 km, respectively; one traveled in an elliptical orbit; and one traveled in a highly elliptical orbit. The five correlation parameters and their errors were obtained from the TLEs. In each experiment, we chose a space object and two sets of orbital TLEs with different orbital epochs. Specifically, in each experiment, we first chose a set of orbital TLEs at the starting epoch for a space object and then chose another set of orbital TLEs for the same object several days later. The experimental results are listed in Table 4 .
In the first three experiments, the objects were in nearcircular orbits. For objects with near-circular orbits, when the orbital epoch differs by less than 20 days, the confi- Fig. 1 The position errors and the errors in the radial (R) direction, transverse (T) direction and normal (N) direction for the four objects after 14 days of orbital propagation using TLEs. dence levels for determining coplanar or co-orbital objects are 99%, and the confidence levels for determining if they are the same object are larger than 85%. The results are stable, and the confidence level decreases with the increasing orbital epoch difference. In the fourth experiment, we considered an object with an elliptical orbit. Table 4 shows the confidence level is 83% when the two orbital epochs differ by 8 days, and the confidence level is 76% when the two orbital epochs differ by 15 days. Compared to the results of the near-circular orbital objects, we find that the confidence level decreases with the same epoch difference for elliptical orbits. In the last two experiments, an object with a highly elliptical orbit was considered, and the starting epochs were different. Both results were good, but the results of the sixth experiment were slightly better than the results of the fifth experiment. These experimental results show that the proposed orbital correlation method is very effective (especially for objects in near-circular or- Experimental Results Using the Multisatellite Launching Data Set bits). The last two experiments demonstrate that the confidence levels differ with different starting epochs, even for the same object, because the precisions of the TLEs are different at different epochs.
Experiments Using the Multisatellite Launching Data
We conducted several experiments using a multisatellite launching data set, which measured three satellites (denoting them respectively by S-A, S-B, and S-C for simplicity) and a piece of debris (denoting it by D-A). We used our proposed orbital correlation method to determine whether two of these four objects were coplanar, co-orbital or the same. The experiment results are shown in Table 5 . We found that the coplanar confidence levels were all 99%, the co-orbital confidence levels were high, and the confidence levels for being the same object were low. These results are consistent with common sense. Considering the multisatellite launching case, the five objects are coplanar. After satellite and rocket separation, the three satellites and the debris are traveling nearly in the same plane, but their tracks are slightly different. They are different objects, and the confidence levels for them being the same are low.
CONCLUSIONS
Orbital correlation is important for cataloging space objects, and the confidence level is a key factor to judge their classification. In this paper, we first give the correlation criteria for determining whether two space objects are coplanar, co-orbital, or the same object using the physical meanings of the orbital elements. We then analyze the propagation errors of the correlation parameters for different orbital types and present a method for computing the confidence level. Lastly, we conduct several experiments to validate the method using TLEs and multisatellite launching data. From the experimental results, we find that the confidence level is related to several factors, such as orbital type, orbital precision, and orbital epoch difference.
Orbital correlation is a complicated subject and therefore deserves further study.
